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accordance xith 8 request =de of the Hatianal .  Advi8org 
.Camittee for Aeranautics, an investigation was performed in the 
L3ngley 2Cbfoot free-spiming tunnel to determine t h e  characteristics 
of a %- scale  model of a c a r ~ o p p i n g  Cevice for determining the  

practicability of auch a device.  Tliis device  utilizes four extensible 
rotating  blades as load-carryhg surfaces. The blades, which are 
mmmted by steel cables to a spring4oaded dnun mounted abwe a 
oylindrical  cargo  ctmtainer, extend when their  rotatianal speed is 
Bufficimtly large and fly in a circular  path  at 8 large radius. It 
was estjma,ted by the de8igt1er13, d o  were present during the  investi- 
gatian, that the device could be dropped at an Indicated  airspeed 
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of 300 miles per hour a t  30,oOO feet   a l t i tude with a 2000-pomd load and 
that it would have a sinking velocity  just pr ior  t o  contact  with  the 
ground of 60 t o  70 fee t  per second. 
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span of blade, feet  

mean aerodynamic chord of blade, feet 

local chord of blade, feet 

area of blade, square feet 

radius of rotation of any given  point 011 blade, feet  

distance fram center of rotation t o  point along blade 
span which has average dymmic pressure, fee t  

mass of blade 

r a t io  of distance between center of wavity and leading 
edge of mean aerodynamic chord t o  mean aerodynamic 
qhmd of each blade 

mamente of inertia of each blade about X, Y, and 2 body 
axes of blade, respectively 

tab setting, degrees 

n W e r  of blades 

weight of entire model, pounds 

moment of inertia of entfre blade assenibly and hub 
about vertical axis of model 

projected area of model, excepting blade, in horizontal 
plane, aquare feet 

angle of attack of blade, degrees 

helix angle of blade, eangle between flight path and 
vertical, deaees  
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angle between chord axis  and horizontal,  degrees, 
positive when leading edge- of chord is above 
horizontal 

angle between span @s of blade and. hor izontd ,  
degrees, poeitive when the tig chord is below the 
r o o t  chord 

vertical  velocity, feet per second 

angular vsloci t r  of blade assembly about vertical axis, 
radians per second 

air density, slugs per cubic foot 

rolling angular velocity, rad- per second 

- pitching angular velocity,  radians per second 

yaw- angular velocity, radian8 per second 

total lift of blades, pounde . 

total drag of blade8 and attaching cablea, pounds. 

drag of .entire model excepting bladee, pounde 
. . - " . . . . -. . . . . . .  .. . 

lift coefficient of each blade L/n 

2 

drag coefficient of each blade  including component 
of drag of attach- cable D/n 

1 p(v2 4- n%2)s 2 

drag coefficient of entfre model excepting  bXde8 

time, second6 

r o u n g  &nt, fout-pounds 

pitching moment, foot-pounds 
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Subscripts: 

1 

2 

cg 

yawing mazlient, f ootcpounds 

demit7 of blade material, slugs ,per cubic foot 

rate of change of' yawing-.mmmnt coefficient 

inboard t i p  of blade 

outboard t i p  of blade 

center of gravity of blade 
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retracted and appro-tely 20 pounds on each blade w i t h  the cables 
fully extended. Each model blade unit weighed about 50 grams. Xach 
blade originally balanced t o  have i ta  center of gravity at the cable 
attackrment. When fully extended, the t i p  radius of the model WBB 
6 feet.  As shown in figure 2, each blade had 8 tab ha t a l l ed  and 
provisions were made for   tes t ing ' the mdel with a " s e t t h g  range 
of f 2 5 O .  The cyU.mlrical  cargo container had -8 installed on its 
periphery which caused  the. body to   ro ta te  independently of the blade 
system and in the  opposite direction. 

The basic principle of operation of the device is that as the  unit  
is dropped, air flm over the  blades imparts a rotating motion t o  the 
blade assenibly. As the   ra te  of rotation increases with increamd 
vertical  velocity, the centrifugal  force of the blades acts agaimt 
the spring-loaded cable and causes the blades t o  extend. When fully 
extended, the blades haye a Large radiue and a high rate of rotation 
and therefore a iarge airspeed  relative t o  the rate of vertical  descent 
of the device. T h u ~  it is eqec ted  that 8 relatively large llft w i l l  
be produced by the a n d l  blades (depen&ing on their tab settings) and 
a relatively slaw and welL-stabilized  descent w i l l  be obtained. It 
was indicated by the designers that on the fliU-8cd.e  device the blades 
would be trimmsd t o  operate a t  a lift coefficl6nt of approximately 0.65 
and that  their t i p  speed would be limited by the blade drag characte- 
i s t i c s  t o  a Mach  number of about 0.7. 

The model was tested in  the Langley !XLfoot free4pjnnlr.n. tunnel, 
the operation of which Is generally  to  that  described in 
reference 1. For these  tests, however, the model was mounted by cables 
i n  the center of the tunnel 88 s h m  on f i g w e  3. The model was 
suspended freely from the top .by a cable attached t o  a weight pan 
and weights. A cable was attached t o  the bottom of the model and 
anchored t o  the floor. The tests were  perfamed with  slack in the 
lower cable so  that it had l i t t l e  o r  no influence on the model perfarm- 
mce.  This wa8 possible became, during the tests,  the aerodymmlc lift 
of the model did not exceed the weight of the made1 and the suepension 
systam. The suspension system was so arranged that the  alack in the 
lower cable  could be removed t o  restrain  the model in an emergency. 
Guy w b e s  above and below the model rest r ic ted  la teral  motion. of the 
model. Ib?ee-twning bearings- at  the  cable  connections of the model 
alluwed the model to   ro ta te  #'reels. 

- .  

I n  the t G l j  t& &&tical. descent of the~model~ was simulated by 
the  vertically  r ising a i r  stream. The ra te  of rotation of the model 
was measured by use of a strobotac. Motion pictures were taken of 
the  rotating  blades  during-the test. The lift of the model WBB measured 
by adjusting  the weights on the upper Gable and sustaining the model a t  
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a fixed heigh?, in   the tunnel. &mts were . a l s o  performed on the blade 
t o  measure the variation of the 8ngle of attack of the blade w i t h  a 
variation of tab setting. These tes te  were performed with  the equipment 
shown in  f igwe 4. Tire blade was mounted on a pivot  rod  placed wit-  
the hollow spar in whlch the attaching cable is normally located. The 
blade was-also restrained fram vibrationrr by a fine w i r e  normal to the 
blade, spauning a yoke between  which the blade waa mounted. The 
lneasuring device was extended.into the vertically rising air stream 
with the blade span horizontal thus allowing the blade t o  pivot 
longitudinally about $he pivot rod t o  its trlm angle of attack. The 
angles of attack were recorded f o r  each of several tab settings. 

The test program and the model configuration f o r  each of the t e s t s  
are presented in table I. Remarks  on the model behavior for each t e s t  
m e  also presented in table  I. The result6 of meaeurements of the  ra te  
o? rotation and of the lift force a r e  presented in table II. Figure 5 
presents the measured variation of blade trim angle of attack with tab 
deflection. 

RXSUIZS AB33 DISCWSIOPP 

Prior  t o  the  tes ts  in the Langley 2 f o o t  free"spinning tunnel, 
pe lh ina ry  tests had been performed by the designers on a rotarg-wing 
blade assembly. The b.&ade assembly tested wa6 similar t o  that sham in 
figure 1 except ths bladee did not have the taper or the meptback outer 
panel of the present configuration  (fig. 2). The t e s t s  conefeted of 
driving  the blade assembly by a motor so that the  blades extended and 
flew at their full radius. Vertical descent, however, ~ 8 8  not shrulated 
and therefore,  although  there was a variation af dynamic pressure 
spanwise along the blade, there WBB not a variation in angle of attack 
as there would  be i n  the  actual  cam of vertical  descent. Also, them 
preliminary t es t s  did not establish that autorotation of the blade 
system  could be started by an initial velocity perpendicular to  the 
plane of rotation of the  blades. 

Tests were therefore performed in the Langley 2O-foot fre-phnhg 
tunnel t o  determine the effects  of the vertical  velocity component on 
the  characteristics of the dersice. An analysis of the forces and 
lnoments acting on the autorotating blades in vertical dement is given 
in  the appendix. 
moments are  a lso 

Derivations of equations 
included in the appendix; 

-, . ..- - 

of some of the forces &d 



c 

a 

c 

The model w a s  first tested in its or&- configuration without 
' the cargo cdntainer or  its vanes installed. Tests 1 t o  4 (table I) 

were perfomned w i t h  the model in this  W i c  configuration w i t h  the 
blade tabs set at -5O, at 00, and with tabs ramoved. For these tests, 
flapping  oscillation^ started at a very law airspeed and before the 
blades exbended frm the hub of the r o t o r  systam. Study of motion- 
picture film of the motlon. share that  pit-chhg o s c ~ t i o n s  were -0 
eriseent. The oscillations were so violent and large in ma@pitude 
that the test was stopped and the configuration was considered -atis- 
factory. It waa at first f e l t  that th i s  unsatisfactorg  condition may 
have resulted because of the initial high angle of attack on the blade 
at starting, With the blades set horizontdly ( 8  = Oo), the initial 
angle of attack w88 90° t o  the vert ical  air stream. The blades tended 
t o  remain at this high  angle of attack, and it xete thought that the 
aeroaynamic pftching mcrment of the blades may be such that two trim 
points may exist, one below and one abwe the stall. A test was ther+ 
fore performed .in which the initial settings of the blades were varied 
f r o m  their original  positione until they were about loo f r o m  the 
vert ical  ( e  = 80°) j when the vert ical  air flaw s t a r t e d ,  hawever, the 
blades trimmed t o  = 00 and behaved as previously  dfscuased, 

It appeared that the blades were longi tudinal ly  unstable and tests 
were therefore perfomned w i t h  the center of gravity of each blade moved 
forward 8 percent Z- This was  done by adding w e i g h t  to   the  blades 
ahead of the i r  mounting point. The t e s t s  performed f o r  t h i s  COW- 
ration ( tes t s  5, 6,  and 7, table I) resulted in performance of the 
device t o  the results for the or ig ina l  cente-f-avitg 
position. It was apparent €'ran these  tes ts  that samething other  than 
the static  longitudinal aerodynamic s tab i l i ty  of the blades w88 cawing 
t h e i r  errat ic  behavior 

In order to   fac i l i t a te   t es t ing ,  t w o  of the four blades were 
removed fYam the model. It w a s  f e l t  that the results with two blades 
would be an adequate indication of the performance of the model, and 
the remainder of the investigation w88 performed with only two blades . 
A t  first, weights were attached t o  the cables of the two blades which 
had been removed. Subsequently during the test program, when a 
method of satisfactorily ertending the blades waa found, these w e i g h t s  
were reduced in s i z e  and eventually the weights and cables were removed 
altogether. The only influence of these changes appeared. t o  be a 
variation in the ra te  of rotation at which the blades etarted t o  extend 
f r o m  the hub0 

It was f e l t  that the blade oscillations obtained may have resulted 
because of s ta l l ing of theblades  associated w i t h  the ertreme variation 
i n  angle of attack when the blades were retracted  (analysis presented 
i n  appendix) . In order to  al leviate this possible  condition of stalling, 
cuffe were installed on the hub into which the blade8 f i t ted (fig. 6 ) .  
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The cuffs were so arranged that the gart of the blades exbending beyond 
the cuffs would  be below the stall when the rate of rotation of the 
blades was sufficient  for  the  blades to extend. The parts  of the blades 
enclosed in the cuffs, which would noFmally be stalled, were shielded 
froan the air st-ream and therefore had no influence on the aerdymmic 
characteristics of the blade. 

Tests 8, 9, and 10 were p e r f o m d  for t h i s  condition of the model 
with  the cargo  container removed. Tab eettlngs of &loo were uaed f o r  
the  tests.  For all tests,  the blades moved out of the ouffs satisfac- 
to r i ly  but when the blades were finally free of the cuffe, they became 
violent ly   osci l la toq i n  flapping and pl-tching aa f o r  the previou 
tests.  A film s tr ip  showing the motion of the blades after they had 
ertended frpm the cuffs is presented in figure 7. 

After  pactical  consideration had been given t o  the pr- 
aerodpamic problems, stat ic   longi tudinal   s tabi l i ty  and the s"l, 
became unsatisfactoq  characteristics were s t i l l  obtained,  consider- 
ation k s  -ne&- given t o  the inert ia  moments acting on%he blades. An 
analysis of the inert;ia moments acting on the blades is included in 
the appendix. Analysis indicated that if' the inertia pitching molnent 
x88 larger  than the aerodynamic nosdown pftching mament, the blades 
would tend t o  trim at 8 = 0'. If such were true, the blades would 
stall and thus came the  troubles encountered 80 far. It would appear 
therefore €hat, if . IxB equalled IzB, 110 inertia pitching manrent 
would exist. The llloment of inertia kB of the blade was estimated t o  
be sc-rmewhat larger  than .IxB and, therefore, In order t o  increase IxB 
t o  equal IzB, w e i g h t  wae added along the -is. In addi t ion  to  
changing the inertia moments, the center of gravity w a s  also moved 
forward 4 percent 75 so as t o  increase the aerodynamic longitudinal 
s tab i l i ty  and also t o  conpensate for a yawing lrmment about the blade- 
attachment  point  resulting from centrvugal  forces  acting on the 
sxeptback blade. An ardysie of this yawing m m n t  is given in  the 
appendiz. Figure 8 is a  sketch sharing how weight w88 added t o  the 
blade. Tests ll to   I8 i re re  performed w i t h  the blade6 so modified. 
Figure 9 is a photograph of the model in  this  condition. In t e s t  U, 
oscillations were et= obtained and it was decided that imufficient 
weight had been added slow the !&ax36 80 larger w e i g h t s  were fnstalled. 
Testa 12 and 13 proved successful in that the blades ertended and flew 
well. After the blades had fXUy extended and the  airspeed had been 
increased, however, an oscillation developed in  the vert ical  supportbg 
portion of the body. The lower end of the vertical portion 6f the body 
tended t o  move out from the vert ical  a x l e  and m e  i n  a circular arc in 
the same direction  as  the  rotation of the device. It was Felt that th is  
effect may have been the result of gyro~copic m ~ m e K t ~  which might have 
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been aggravated because the 
of the  natural frequency of 

In order to reduce the 

rotation  rates 
the suepension 

were equal t o  o r  harmonics 
system. 

oscillations of the  vertical  portion of the 
model, it was f e l t  that installation of the  l0ad-carqing-bod.y w i t h  its 
vanes (which cause a countemtation of the body)  would cause a gyro- 
scoP;ic moment in opposition to the e$roscopic momnt of the  rotating 
blade system. A photograph of the model with the body installed is 
s h m  in figure 10. 

Test 14 w88 performed in th i s  condition and the model operated 
satisfactorily. A fi lm  strip  sharing the blades flying in the i r  fully 
extended condition is presented in figure U. Because of the limited 
view of the camera, only one blade  can be seen i n  any given frame and 
a l s o  because of - the  high ra te  of rotation  relative  to the camera speed 
(64 frames per second) the blades can only be seen a8 blurs. Small  
oscillations of the vertical axis of the body and a precessional 
motion of the entire device, hoxever, were st i l l  observed. Variation 
of tension i n  the supporting cables was found to cause an aggravation 
or alleviation of th i s  motion. It wae possible, by adjusting  the 
tension, to  obtain  rotational speeds of the blades which were  beyond 
a c r i t i ca l  range f o r  which the  oscfllatiom  existed. From these tests,  
it would appear that the o s c U t i o n  of the vert ical  body was primarily 
an inherent  part of the suspension system and that, i n  free descent, 
such trouble8 might not be encountered. It is f e l t ,  however, that 
further consideratiop of such  gyroscopic mornents should be given i n  
the final design. A eerie8 of measurements of vertical  velocity and 
ro t a t iona l  velocity were made, aa listed A t  the highest 

damaged one blade. 
rotational  velocity reached, one of the and seriously 

Because the blades had perfomell satisfactorily after adequate 
alteration of the inertia pitching moment, it waa felt  that the cuffs 
could now be removed. Tests 15 to 18 were perPoMned w i t h  the cuffs 
removed -the model f o r  different t ab  settings. For these  tests, 
the blades extended i n  a satisfactory manner; but as the airspeed was 
increased a f t e r  Full exbemion, the blades seamed t o  heeitate in 
rotation, the rotat5on decreased, and the bla-des s ta r ted   to   re t rac t  
toward the hubs. After partially retracting, the rotation  steadied 
Out and the blades extended fully, until. the procedure repeated 
itself. Reduction of the tab sett ing tended to reduce this effect  and 
the motion YBS sufficiently ete&dy w i t h  zero t a b  setting to obtain 
same numerical data ( tes t  18, tables I and II). The hesitation in 
rotation or the dragging of the blades a t i l l  occurred, hareVeF, and 
the  configuration was not  considered  completely  satisfactory. 
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Inakuch 88 during the tests  with  cuffs  imtalled,  the model did 
not have t h i s  particular  undesirable motion, it appeared that they 
pcevented th i s  mt ion  and cuffs were therefore  reinetalled.  Test 19 
(the final test of the "ogram) with  cuffs installed proved entirely 
successful. An explanation of the actual effects of the cuffs in 
preventing the mt ion  18 not available; it appears, however, that 
cuffs should be used un t i l  a better method of preventing the motion 
is available. 

As previously  indicated, the investigation of the performance 
was primarily limited to  +he results of test 19 (tables I and 11). 
For. this tes t ,  a tab deflection of -Xo was arbi t rar i ly  wed: The 
variation of the vertical   force with vertical   velocity for this test 
is presented h.-table II and plotted in  figure 12. Also sham in 
figure 12 is a plot of a theoretical  variation of vertical  force 
with.vertical  velocity computed on the basis of the  theoretical 
variation of vertical  velocity  with weight as presented in the appmdir. 
Ths results of figure 12 show good agreement between the experimental 
and theoretical  values for this tab settfng. The experimental  values 
of ver t ical  rate of descent f o r  any given loading, however, were 
somewhat mailer than those  estimated  theoretically. From the  trend 
of the CLUT~S, it appears that beyond the maxbmm velocity  tested 
th exgerkmthl  velocity would have been somwhiat Larger than that 
calculated. ih order t o  c&pensete far t h s e  slight differences, an 
empirical  correct-ion waa applied t o  the theoretical  calculatione. 
Theoretical v-dues so corrected  me also sham on figure 12. The 
slight discrepancy between exgeriment and theory may have  been, in 
part, the result of the fact that althcjw the thoret ical   calculat ions 
are based on a canstant  value of L/b, the corresponding  experimental 
measurements of table II indicate a slight variation in  t h i s  ratio. 
This variation may be the result of slight changes in trim of the blades 
possibly  cawed by unbalanced centrifugal or  inertia mmenta on the 
blades and/or changes i n  the aerodpamic  characteristics of the blade 
because of cmpessibflfty  effects  (neglected in  the cnmputations). 

The calculations were made by the use of equation (10) developed 
in the appendix. The lift- and drag+oefficient data used fo r  the 
calculations were obtained from reference 2 for  an W 4  65+12 a i r f o i l  
section. The actual a i r f o i l  section of the model, =A 63012, is 
an W A  651.12 section w i t h  the cwp removed, and it is believed that 
the differences in  the sections would not grea@.y affect the aerodynamk 
coefficient data used for  the computations. The values of CD med i n  
the calculations  included  not only  the effects of the blade and an 
estimated component of. cable drag acting on the  blade  but a l s o  a mual l  
estimated incrsment due t.0 the compensating w e i g h t s  munted on the 
blades-. - The estimated .increment of drag coefficient of the cmpensating 
w e i g h t s  was not varied f o r  the effects of angle of attack in that the 
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increment was a relatively amall proportion of the 
lift data were corrected f o r  the effects of aspect 
of the effect of tab settings were applied t o  both 

. .  

oveltall drag. The 
ratio.  Estimations 
the lift- and drag- 

coefficient data by the methob of reference 3. These estimations of 
the lift- and drag+xefficient'data  for a blade are presented  In 
figure 13 for  tab settings of 3 0 ,  "100, -120, -150, and 4 0 .  The 
trim angles of attack of the'bLade8 used f o r  the  calculations which 
were obtained experimentally were obtained fram figure 5. The actual 
measurements on figure 5 show a negative angle of attack or 3" for 
zero tab setting;  but since the blade section is sgmmetrfcal and 
ahould ham an eLngle of attack of Oo for zero tab setting, it was felt  
that this effect WEIS the result of interferenze of the measuring 
e q u l p n t  (fig. 4) and the curve x88 shifted to   t he  origin for use 
in all calculations herein. 

The contribution  to  the  vertical   force of the drag of the cargo 
container and appendages was dete-d by estimating a value of C D ~  

from er.tsting Information on the drag of cylinders and cables. A 
component of drag of the attaching cables xas included in C D ~ .  A 
value of CDp of 1.10, based on the  horizontally  projected area of the  

cargo contain&, wae wed in the computations. , . 

I 

Estimated Ferfomnance of Ful l4ca le  Device 

Estimatione were made of the probable performance of t h e  full- 
scale 'carg&opping device w i t h  f OUT blades installed. effects of 
variations in tab setting and in altitude on the vertical-descent 
characteristics of the device were dete&d by consideration of the 
force  eqwition  (equation (10) of appendix). The estimated aerodpm.uk 
data of figure 13 for different tab sett-8 were wed, and the small 
empirical  correction preTiously mentioned was applied. 

F,ffects of tab settings.-  Calculations showing the  variation  with 
loading of ver t ical   ra te  of descent at sea level  for  several tab 
settings are presented in figme 14. The results of the theoretical 
calculatione indicate that a 2o(x1-pound load would have a sinking 
velocity just pr ior   to  striking the ground (at sea level) of 
appro-tely 45, 59, @, and U-2 feet  per second for tab settings 
of -20°, -1-50, -Eo, and -loo, respectively. A value of sinking 
velocity of *am 60 t o  70 fee t  per second for a 20~X&pound load 
(previously  indicated 86 having been eetimated by the  designer)  could 
therefore be obtained by use of a tab sett ing of the  order of -19. 
The approximate average lift coefficient  estimated  for the blade for 
a tab set t ing of -15O w a ~  0.41. This lift-coefficient  value is mailer 
than the value of 0.65 which w a ~  estimated by the desfgners t o  correspond 



w i t h  the sinking 'velocity preiiou& noted.  &lculatione indicate that 
with a lift coefficient of 0.65 a einking  velocity of the order of 
40 feet  per second q be obtained. 

Ate0 pesented  in figure 14 IS a curve intersecting the  plots of 
vertical  force  against  vertical  v-elocity  for each tab sett ing a t  a 
value of vertical  velocity at which the resultant  velocity of the blade 
tip 113 0.7 Mach nmiber,  which as previously  indicated, was the maximum 
tip-speed of the deisice expected by the designer. In order t o  determine 
the  extent  to which the calculations may be considered adequate, a 
study of the c r i t i c a l  Mach nmbers of the blade for the various tab 
settings w a s  =de. A second curve intersectfng  the  plots of vert ical  
force against vertical   velocity is included i n  figure 14. This curve 
intersects the various  plots a t  a value of vertical  velocity a t  wMch 
for each t ab  sett ing the resultant velocity of the blade at the radiw , 

point R, is at c r i t i c a l  Mach ntnnber. The radius point R, was used 
because it waa aesumd that the average value of % for the blade 
would exist at the blade section, a distance of & from the  center 
of rotation. It was a l s o  f e l t  that, because of the nature of the 
variation  in angle of attack and airspeed along the blade span, c r i t i c a l  
Mach  number mqy be encountered along the entire span nearly at once. 
"he plots have been dotted above the c r i t i c a l  Mach number curve. The 
c r i t i ca l  Mach  nunibera were obtained fram reference 2. It appears fram 
the plots of figure 14 that  the calculation gives an adequate indication 
of the sinking velocities a t  sea level far loadings of the order of 
2000 pounds or  less. If heavier  loads are contaqlated,  consideration 
of colzpreasibility  effects would be necessary for an accurate  indication 
of the sinklng velocity. 

Effects of alt i tude .- Computations were made t o  determine the 
rate of descent of the devlce a t  different altitudes f o r  an arbitrary 
load of pounds. The ra tes  of descent a t  sea level were obtained 
f r a m  figure 14 fo r  each tab setting. For each tab  setting, changes 
in rate of descent were calculated w i t h  a varfation in alt ftude on 
the basis of coli;sta% w c  presswe. These calculations are 
presented in figure 15. In th i s  figure, ae in figure 14, curves 
intersecting the plots for each tab sett ing at  the limiting Mach 
number 0.7 and at the c r i t i c a l  Mach  number are also presented. The 
variation of the sped  of sound w i t h  al t i tude was considered. The 
plots of ~ e r t i c a l  velocity  agafnst altitude are dotted above the 
values of c r i t i ca l  Mach rider, 88 in the cme f o r  f igLlre 14, in  that 
no corrections have been applied for cnmpressibility  effects. 

Study of figure 15 indicates that at 30,000 fee t  altitude, a 
proposed altitzde for  cargo release, a Mach  number of 0.7 may be 
encountered a t  the blade t i p s  unless a tab sett ing of the order 
of -20' is used. The release, however, w i l l  pro5ably be made a t  a 



forward speed of the order of 300 Mles per hour, which generally is 
in  excess of the terminal velocity of the device for any tab  eetting. 
The blades therefore w i l l  exbend at speeds which w l l l  tend t o  c a u e  
a blade-tip speed in exces8 of Mach  number 0.7. The effects of the 
blade-drag rim due t o  cwqressibil i ty w i l l  therefore  influence  the 
path of motion of the  device from its release speed t o  a condition 
of vertical  descent and its termlnal veloc5ty 88 presented on 
figure 15. Actual calculations of the motion after  release  with an 
init ial   horizontal   velocity in excess 02 the terminal  velocity of the 
device would req- measurements of the aerodynamic characterietics 
of the blades  throughout the  cr i t ical  Mach n&er range. 

The resul ts  of the investigation  indicated that a device having 
rotating airfoil bladee restrained centripetally by extensible  cables 
could be made t o  support w e i g h t  in steady  vertical  descent and that 
propeg functioning would depend on accurate dynamic mass balancing 
of the blades. It 'KBB -0 indicated that it is possible to make 
such a device so that, when it is exposed t o  an alr velocity d o n g  
its axis of rotation with .the cables retracted and the blades 
statio-, the blades w i l l  accelerate in rotation and w i l l  extend 
the  cables  smothly  againat a spring load until the  blades are rotating 
steadily  at  the limit of the  cable ertenaion. 
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Xational Advisory Camittee for Aeronautics 
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A study of the  cargo4ropping  device primariJy involves a study 
of the aerodynamic characteristics of the blades and how these 
characteristics of the blades are affected by the curved paths in 
which the blades are operating. 

The angle of attack of the ratat- b1ad.e i e  determined, as shown 
in figure 16, by the f ollaring f oMrmla: 

where  

Became of a variation Sn radius fram the inner t o  outer  tips,  there w i l l  
be a variation in angle of attack along the blade. . The increment in 
the angle of attack f'rora inner t o  outer   t ip  would be 

.. 

For  the initial condition of starting, the inner enda of the blades 
are against  the hub anzL they  therefore have a v e q  smal l  radius of 
rotation, 0.396 feet (&el Value). outboard ends of the blades 
for  t h i s  condition have a.radiue of 1.7- feet. Because of t h i s  
variation of radius, the angle of attack would vary appreciablg. along 
the span. For the case with the bhdes  ful ly extended, the outer t i p  
radius is 6 feet and inner t i p   m i u e  is fee t  . It can be seen there- 

fore that the variation in  angle of attack along the blade for  the 
start ing condition, with the inner t i p  of the blade at the hub, would be 
much larger than for the fully ertended condition, and therefore much 
more c r i t i c a l  88 regards operation of the device in that condftion. 

3 



On the rotating blade the  forces in  the horizontal plane must be 
in equilibrium go th& from figure 16 it can be men that the  horizontal 
component of lift must equal the horizontal ccqonent of drag, plus 
an inertia force if the blade6 are accelerating. Thus, . 

dsI 
*z?E 0 L cos u "D sin u -7 = 

L COS u - D B i n  u = 0 

It appars therefore 
of % w i t h  V is 

that, for  the cam  of'equilibrium, the variation 
p o r p o r t i o d   t o   t h e  L/D ratio.  TMB equation is 

based on the assumption that the lift and drag coefficients of the 
blade at the  radius  point Rm are the average values of llft and drag 
coefficient  for the entire blade. The experimemtal results of test 19, 
presented in table II and figure 12, f o r  the  ra t io  of - W n  are i n  good 

agreement w i t h  the ra t io  of L/D estimated for  this condition,  thereby 
substantiating this assm$-tiion. The value of a in the equation is 
the lift coefficient f o r  the a i r f o i l  at an angle of attack of zero  
pitching moment w i t h  the tab deflection considered. The value of CD 
mt include  both an incrament of drag coefficient for the blade and an 
increment of drag coefficient  for a component  of drag of the a t tachhg 
cable,  as is indicated in the vector diagram in figure 17. An increment 
of drag coefficient caused by any other appendages on the blade muet 
a l s o  be considered. 

V 

A thorough analysis of the starting condition w i l l  not be made 
hem because of the cwrplication imposed by stall phenmna of the 
bkaes and became, for the general caae, the blades wo7dd be acceler- 
ating unt i l  fully ertended. 

Whn the blade6 axe. fully elctehd,  the rate of rotation would . 
adjust i t s e l f   t o  the proper  value of '* in accordance w i t h  the lift' 
and drag characteristics of the blade  (equation (4)). The device would 
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then obtain its terminal  velocity, f o r  whfch the vertical-force 
component of the device would equal the t o t a l  weight of the devfce 
a6 folloirs: 

w =- *:a+% 

= p-,D2 + Dp (5) . 

which modified to -allow f o r  ro t a t ion  by integrating elements of 
blade lift over the span of the blade followa: 

but 

theref ore 



For the fully extended condition on the model, Ri = 4.66 fee t  
and R 2  = 6.0 feet  BO that 

L = ncL sp.09n2 b + 1.339 b .  

therefore, since b = 1.33 feet, 

In that this integration has led t o  the average dynamic pressure 
Over the blade, G2 equala 28.57 feet2 and 

As has been previow8l.y indicated, the derivation ~ ~ 8 8 - 8  that the 
values-of the aerodynamic coefficients of the blade at the mean radius 
point R, are the average aerodynamic coefficients of the entire blade. 

The drag of the body can be determined ae follows: 

The value of % includes not only an increment of drag coef- 
f ic ien t  for the cargo  container and its appendages but also an increment 
of drag coefficient  for the component of. the drag of the  attaching 
cables  parallel to the  longitudinal axis of the b w  as shown in 
figure 17. 

The vert ical  rate of descent of the device for  any given loading 
could be obtained by consideration of equation (5 )  and substitution of 
equations (7) and (8) therein. Equation (5) with these eubstitutione 
becomes -- 

. . .  
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where . 
~ l = n g s  

and 
". . 

~... 

K2 = C D ~  p P Sp 

since %R = v tan cr (from equation (4)), 

Frcm the geometry of the force  vectors act ing on the blade (fig. 16) the 
f O n O W u  SUb8titUtfOIl is mi3de: 

theref  ore 



. v 2 =  W 

v =  I W 

w h e r e  

91 f o r  model . w i t h  two- blades. i s  O.OOO7O2 

IC1 for f'ull-male  device with four blades is 0.02245 

IC, for model ii 0.000778 

Other factora whlch w i l l  influeke the orientation of the blades, 
and thus the angle of attack at which the blades are operating, -8 

the  inertia mamerrts and centrifugal maments a c t i n g  on the blades. The 
inertia momenta acting on the blades are a6 f o l l a ~ e :  

= ('.. - IXB)W 

w h e r e  
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and (fig. 18) 

The inertia  pitching moment M, on the  blade (where IzB is 
normally larger than 1x3) would be such aa t o  cause the blade to   t r im 
in a chordvise  horizontal  position ( 6  = 0) . The iner t ia   rol l ing 
moment (where IzB is normKUy larger  than IpB) would be such as t o  
cause the blade t o  trim in a spanwise horizontal  position (#  = 0). The 
inertia yawing m n t  of the blade (where IxB is ll0Mnally larger 
than Iyg), w i l l  always be a prorotational moment because the angle 

is alxays such as t o  have the  outer t i p  higher than the inner tip,  that 
is, the mament on the’ blade about i t 6  center of gravity w i l l  be in  the 
same direction as the blade is rotating. 

Became the blades of the  device are munted flexibly  and because 
the blades h v e  sweep, there is an asyrm&trical centrifugal force s e t  
up about the  center of gravity of the blade. That is, each element 
of mass outboard of the  center of gravity of the blade has a  larger 
radius and therefore a larger centrifugK-force than eh~.~entS of mass 
on the inboard portion of the blade. Also, became  the outboard half 
of the blade is sweptback, the elaments of mass having the larger 
centrieugal forces are, on the average, farther back on the blade. e 

chordwise than the iliboard elements, result ing  in a moment about the 
center of gravity of the blade. A derivation of the yawing moment 
resulting is as follows: 

= Q ( % g  + 

where z = f(x,y) is a function of the a e f o i l  section, x = f(y) is a 
function of the p M o m  contours of the blade, and ps is density 
of the blade material. If the cable attachment  point were at the 
center of gravity, t h i s  moment  would  a-nt the  previously mentioned 
inertia. y a w i n g  inament which caused the blade t i p   t o  move forward w i t h  
re la t ion   to  blade center of gravity. 
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The equations use& consider only the static aerodynamic characte- 
i s t i c s  and s t a t i c  and Qmmic ma88 characteristics of the blades. No 
consideration is given t o  the effects of the  dpaaic  aerodynamic 
characteristics suoh aa stability derlvativee C and C resulting 

from a yawing velocity r which the blades undergo when rotating. Nor 
is consideration  given to   t he   f r i c t ion   i n  the bearfng system. The good 
agreement indicated between theory and experiment, however, indicates 
that these  effects a r e  probably of only minor h p r t a n c e .  

nr r, 
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Figure 2.- Blade of L-acale  mdel of ctxrgo4ro~ping device. 4 
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'Figure 3.- One-foUrtkcale model of cargwlropping device mounted in the 
Langley %foot free+pinning tunnel. 
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Figure 4.- Devioe for meaeurlng the variation of t r im  angles of attack 
With .t;ab E e t t  

.. . ". 
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Figure 5.- TI" angle of attack of blade for various tab settings as 
measured in the Langley &foot fre-pinning tunnel. 
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FRONT VIEW 

Figure 6.- Cuff8  attached to -hub of rotor  e y 8 W  of &-scale model of 4 
cargo4ropping device. . 
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Figure 7.- Typical 
beyond the 

o s c i l l a t o q  motion of the blades af te r  they extended 
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Figure 8.- Compensating weighte for blades of --scale 1 model of cargo- 

dropping device. 
4 



Figure 9.- Photograph of ’- scale model of oargcdropping device Kith G 
cargo container removed; cuffs and compensating weights installed 
on the blades. 
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Figure 10.- Photograph Of I; -6Cale model Of Cargo-dropping device with 4 
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v 
Figure ll.- Steady motion of the blades obtained w i t h  model when the 

inertia  pitching mcpmnt of the blades was altered. Camera speed 
64 frames per second. (Because of the  limited view of the camera, 
only one blade can be 8een in  any given frame, and b8Ca1.1~9 of the 
relatively high rate of rotation, the blades appear 88 blurs i n  
the fig.) 
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Figure 12.- Theoretical and experimental values of vertical force against 
vertical velocity f o r  a --scale I model of the carg&opping device 

with two blades operating. 
4 
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(a) With -5' tab deflection. 

Figure 139- Estimated aerodpmmic characterietice of W A  651+2 airfoil 
modified for aepect ratio 6, and drag of cable and compensating weights. 
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(b) With -10' tab deflection. 

Figure 13 .- Continued. 
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Figure 13.- Contbued. 
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(a) Wfth.-15' tab deflection. 

Figure 13.- Continued. 
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Figure 13.- Concluded. 
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Figure 15.- Estimgbior+ of the variation of terminal velocity with 
altitude for c&rg&opping device nlth xKx)-pound load f o r  varioua 
tab settinge. 
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and Crgl'DQnlSnte of drag of attaching cablea. ' 
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Subject 

Rotors - Experfmental  Studies 
Rotors -Autorotating 
Rotati-ing A i r c r a f t  

Nurnber 

1.6.2 
1.6.2.2 

1.7.3 

The characteristics of a carg+dmpping device  having  extensible 
rotating  blades 88 loadrcarryhg surfacea  have been etudied in sbnuhted 
vertical  descent in the Langley -foot fie-pinning tunnel. 

The investigation  included  tests to determine  the  variation in 
vertical sinking epeed w i t h  load. A study of the blade characteristics 
and of the t e s t  results  indicated a lnethod of dynamically balancing 
the blade13 to permit proper functioning of the device. 
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